Abstract Glutamine metabolism is generally regarded as proceeding via glutaminase-catalyzed hydrolysis to glutamate and ammonia, followed by conversion of glutamate to α-ketoglutarate catalyzed by glutamate dehydrogenase or by a glutamate-linked aminotransferase (transaminase). However, another pathway exists for the conversion of glutamine to α-ketoglutarate that is often overlooked, but is widely distributed in nature. This pathway, referred to as the glutaminase II pathway, consists of a glutamine transaminase coupled to ω-amidase. Transamination of glutamine results in formation of the corresponding α-keto acid, namely, α-ketoglutaramate (KGM). KGM is hydrolyzed by ω-amidase to α-ketoglutarate and ammonia. The net glutaminase II reaction is: L-Glutamine+α -keto acid+H 2 O → α -ketoglutarate+L-amino acid+ammonia. In this mini-review the biochemical importance of the glutaminase II pathway is summarized, with emphasis on the key component KGM. Forty years ago it was noted that the concentration of KGM is increased in the cerebrospinal fluid (CSF) of patients with hepatic encephalopathy (HE) and that the level of KGM in the CSF correlates well with the degree of encephalopathy. In more recent work, we have shown that KGM is markedly elevated in the urine of patients with inborn errors of the urea cycle. It is suggested that KGM may be a useful biomarker for many hyperammonemic diseases including hepatic encephalopathy, inborn errors of the urea cycle, citrin deficiency and lysinuric protein intolerance.
Introduction
We are honored to provide a contribution to this special issue dedicated to Professor Roger Butterworth. Not only did Dr.
Butterworth run a highly productive and internationally recognized laboratory, but he also found time to mentor numerous young scientists from many parts of the world, including Africa. Dr. Butterworth has played a major role in the ISHEN (International Society for Hepatic Encephalopathy and Nitrogen Metabolism) since its inception in 1971. (Dr. Butterworth was president from 2005 to 2007.) There was always a spirit of warmhearted camaraderie among the senior scientists, junior scientists and students at ISHEN meetings, much of it due to Dr. Butterworth himself. Among his many scientific interests, Dr. Butterworth is a foremost authority on the role of hyperammonemia in acute and chronic liver disease, and on the mechanisms contributing to the neurotoxicity of excess ammonia. His group has contributed considerably to our understanding of the cerebral glutamine-glutamate cycle and the role of neurotransmitters, including monoamines, glutamate and GABA in hepatic encephalopathy (HE) . His work has significantly influenced the way that we have come to view nitrogen metabolism in the normal and hyperammonemic brain. Thus, it is great pleasure for us to contribute a mini-review to this special issue that is relevant to the area of hyperammonemic diseases.
Scope of the present review
Here we discuss an aspect of ammonia metabolism that is relatively little studied, yet, we believe, is biomedically very important. First, we discuss the classification of hyperammonemic diseases into primary and secondary hyperammonemias. Secondly, we discuss the glutaminase II pathway. We commence with an historical perspective and then discuss the biological importance of this pathway. We emphasize the metabolic importance of α-ketoglutaramate (KGM)-an overlooked metabolite of glutamine and a crucial component of the glutaminase II pathway-in nitrogen-, sulfur-and 1-carbon metabolism. Thirdly, we discuss the findings that KGM is a biomarker in several hyperammonemic diseases. We suggest that a greater understanding of the biochemistry of KGM will lead to a greater appreciation of nitrogen metabolism under normal and hyperammonemic conditions. We conclude that KGM may serve as a useful clinical biomarker in the diagnosis and treatment of many hyperammonemic diseases.
Classification of hyperammonemic diseases
Hyperammonemia occurs in at least 40 diseases (Cooper and Plum 1987; Brusilow and Horwich 2001; Kuhara et al. 2011a ). Brusilow and Horwich (2001) suggested that hyperammonemic diseases may be conveniently classified into primary and secondary hyperammonemias. As discussed by Kuhara et al. (2011a) , eight hyperammonemic diseases are classified by Brusilow and Horwich (2001) as primary, whereas other hyperammonemias are classified as secondary. The eight primary hyperammonemias include: 1) carbamoylphosphate synthetase-I deficiency (OMIM 237300), 2) ornithine transcarbamylase deficiency (OMIM 311250), 3) argininosuccinate synthetase deficiency (OMIM 215700; CTLN1), 4) argininosuccinate lyase deficiency (OMIM 207900), 5) arginase deficiency (OMIM 207800), 6) N-acetylglutamate synthase deficiency (OMIM 237310), 7) lysinuric protein intolerance (OMIM 222700), and 8) hyperornithinemia-hyperammonemia-hyperhomocitrullinuria syndrome (OMIM 238970). Thus, six of the primary hyperammonemias are due to defects in urea cycle enzymes (1 to 5) or to an enzyme important in the control of the urea cycle activity (6).
In the following section, the glutaminase II pathway will be discussed, as this sets the stage for later discussions in this review on the discovery of KGM as a biomarker in HE (a secondary hyperammonemia) and in urea cycle defects (primary hyperammonemias).
Historical-discovery of the glutaminase II pathway
In the late 1940s Greenstein and co-workers reported that rat tissues contain two glutaminases that they named glutaminase I and glutaminase II. Glutaminase I and II were reported to be activated by phosphate and pyruvate, respectively (e.g. Errera and Greenstein 1949; Greenstein and Price 1949) . Glutaminase I is now simply referred to as glutaminase or phosphate-activated glutaminase (PAG) and is present in mammalian tissues in the form of two isozymes encoded by separate genes-namely a liver type glutaminase (LGA; GLS1) and a more widely distributed kidney type (KGA; GLS2). A variant of GLS2 (glutaminase C; GAC) caused by alternative splicing at the C terminal is also present in some tissues and tumors (e.g. Porter et al. 2002; Cassago et al. 2012) . The reaction catalyzed by PAG is shown in Eq. 1. The glutamate generated by the PAG reaction may be converted to α-ketoglutarate by the glutamate dehydrogenase reaction (Eq. 2) or by an aminotransferase reaction (Eq. 3). The α-ketoglutarate thus generated may serve as an energy source through its complete oxidation to CO 2 through the tricarboxylic acid (TCA) cycle.
In the early 1950s Meister and colleagues showed that glutaminase II is actually a composite of two enzymes (Meister 1953; Otani and Meister 1957; Meister et al. 1952 Meister et al. , 1955 . The first enzyme in the glutaminase II pathway is a glutamine transaminase 1 that catalyzes the transfer of the amino group of glutamine to a suitable α-keto acid acceptor (Eq. 4). The enzyme partially purified from rat liver was shown to possess broad specificity toward α-keto acids, including pyruvate. The product of glutamine transamination is α-ketoglutaramate (KGM; 2-oxoglutaramate). The second enzyme in the pathway is an amidase (distinct from PAG) that catalyzes the amide hydrolysis of KGM to α-ketoglutarate and ammonia (Eq. 5). This enzyme was named ω-amidase (formal name: ω-amidodicarboxylate amidohydrolase: EC 3.5.1.3). ω-Amidase activity is widespread in nature (Meister 1953) . The activity is present in all organs investigated in the rat, with relatively high activity in liver and kidney (Cooper 1988; Cooper and Meister 1981) . The overall glutaminase II pathway is shown in Eq. 6. In later work, Cooper and Meister (1972 , 1974 reported that rat tissues contain at least two glutamine transaminases that they named glutamine transaminase K (GTK, prominent in the kidney) and glutamine transaminase L (GTL, prominent in the liver). Both enzyme activities were found to be present in cytosolic and mitochondrial fractions of rat liver and kidney (Cooper and Meister 1981) . The brain contains glutamine transaminase and ω-amidase activities, but the specific activities of these enzymes in the brain are lower than those of kidney and liver (Cooper and Gross 1977; Meister 1977, 1981) (1953) noted that KGM reversibly cyclizes to a lactam (2-hydroxy-5-oxoproline). This phenomenon was investigated by Hersh (1971 Hersh ( , 1972 who showed that at physiological pH values KGM is 99.7 % cyclized to the corresponding lactam with only~0.3 % present in the open-chain conformation. Only the open-chain form of KGM is a substrate of ω-amidase. Presumably, to compensate for the majority of KGM being in an enzymatically unavailable form, the affinity of ω-amidase for the open-chain form is relatively high (K m μM or less) (Hersh 1971; Krasnikov et al. 2009; Jaisson et al. 2009; Chien et al. 2012) . Hersh (1971) Fig. 1 .
The glutamine transaminase reaction (Eq. 4), as is the case for most (but not all) aminotransferase reactions, is freely reversible. However, owing to a) the cyclization of KGM to a lactam, and b) conversion of the open-chain form of KGM to α-ketoglutarate by ω-amidase, the glutamine transaminase reaction is drawn overwhelmingly toward glutamine utilization and amination of α-keto acid substrate.
Relationship between glutamine transaminases and kynurenine aminotransferases (KATs)
Work dating back to the early 1900s identified kynurenine and kynurenate as important metabolites of tryptophan (Heidelberger et al. 1949 , and references quoted therein). Two kynurenine aminotransferases, namely kynurenine aminotransferases I and II (KAT I, KAT II), were initially identified as important for the conversion of kynurenine to kynurenate in the brain (e.g. Okuno et al. 1991) . [Kynurenate is a neuroprotectant that antagonizes the glutamate receptor and α7 nicotinic acetylcholine receptor Albuquerque and Schwarcz 2013 ).] Subsequently, four mammalian aminotransferases were identified that catalyze transamination between kynurenine and a suitable α-keto acid acceptor. KAT II is identical to α-aminoadipate aminotransferase (Buchli et al. 1995) , whereas KAT IV is identical to mitochondrial aspartate aminotransferase (Guidetti et al. 2007) . KAT IV has little or no activity with glutamine and will not be discussed further. Sequencing studies revealed that KAT I is identical to GTK (Mosca et al. 1994) .
2 Interestingly, GTK/KAT I was shown to 1 Enzymes that catalyze the transfer of an amino group from an amino acid to an α-keto acid were originally named transaminases. The word transaminase has been largely replaced by the word aminotransferase, especially for those enzymes that utilize as substrates L-glutamate and α-ketoglutarate. However, the word transaminase continues to be used for those enzymes that catalyze the transfer of the amino group of glutamine to a suitable α-keto acid acceptor.
2 Perry et al. (1993) sequenced rat kidney GTK (a pyridoxal 5′-phosphate-containing enzyme) and later the human orthologue (Perry et al. 1995) . Because GTK has considerable cysteine S-conjugate β-lyase activity the authors referred to GTK as cysteine S-conjugate β-lyase. As a result, the gene for GTK is listed in human and rodent genome databanks as CCBL1 (Cysteine S-Conjugate Beta-Lyase isozyme 1) and antibody products are listed under this name. GTK and KAT I are listed as synonyms. The CCBL1 nomenclature is unfortunate because the cysteine S-conjugate β-lyase activity is presumably not the physiological role of this enzyme. Moreover, many additional pyridoxal 5′-phosphate-containing enzymes can also catalyze cysteine S-conjugate β-lyase reactions (Cooper et al. 2011) . A second gene listed in mammalian genomes is referred to as CCBL2, a gene closely related to CCBL1. CCBL2 encodes GTL/KAT III.
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be present in rat brain in the form of two splice variants-a protein with an intact 32-amino acid mitochondrial leader sequence is targeted to mitochondria, whereas a variant that lacks this sequence is found in the cytosol . We have shown that KAT III is identical to GTL (manuscript in preparation). Both GTK/KAT I and GTL/KAT III have remarkably broad amino acid and α-keto acid specificities (Cooper and Meister 1981; Han et al. 2004) .
) reported for recombinant human GTK/KAT I for glutamine, phenylalanine, leucine, kynurenine, tryptophan and methionine (the five "best" amino acid substrates) are 157, 54, 45, 43, 36 and 34, respectively (Han et al. 2004) . Note that, of the amino acids tested, glutamine is the most effective amino acid substrate of KATI/GKT. In another study, Han et al. (2009) , respectively. As with GTK/KAT I, of the amino acids tested, glutamine is the most effective amino acid substrate of GTL/KAT III. Finally, Han et al. (2008) investigated the substrate specificity of recombinant human α-aminoadipate aminotransferase/ KAT II. As was found for GTK/KAT I and GTL/KAT III, the amino acid and α-keto acid specificity for recombinant human α-aminoadipate aminotransferase/KAT II is broad. K cat /K m values for aminoadipate, kynurenine, methionine and glutamate were reported to be 196, 126, 124, 119 min
, respectively. The K cat /K m value for glutamine was lower, but still appreciable (11.8 min
) (Han et al. 2008) .
As a general rule, due to the reversibility of the aminotransferase reaction and similarity between α-keto acid and amino acid substrates, if an amino acid is a substrate the corresponding α-keto acid will also be a substrate. Thus, the capacity to metabolize α-keto acids, including the branched chain α-keto acids, phenylpyruvate, and α-keto-γ-methiolbutyrate (KMB) by GTK/KAT I, GTL/KAT III and α-aminoadipate aminotransferase/KAT II is considerable. We shall return to this point later.
In conclusion, rodent and human tissues contain two aminotransferases (i.e. GTK/KAT I and GTL/KAT III) that utilize glutamine as the "best" amino acid substrate of all the amino acids studied. In addition, other aminotransferases, such as α-aminoadipate aminotransferase/KAT II, can catalyze transamination reactions with glutamine to a limited extent. Evidently, mammalian tissues have a high capacity to transaminate glutamine to KGM. Glutamine concentrations in mammalian tissues are typically in the 1.5-5 mM range (Bergmeyer 1974) . Reported values for the concentration of kynurenine in brain range from <0.05 μM in adult rat brain (calculated from the data in Beal et al. 1992 ) to about 2 μM in the cerebral cortex of the adult rat (Zheng et al. 2012 ). In the study of Beal et al. (1992) the reported concentration of kynurenine in the whole rat brain is about 11 μM at E8 declining to~1 μM at P0 and declining even further by P1. Beal et al. (1992) also reported that the concentration of kynurenate in whole rat brain is~25 μM at E15, declining with gestation, but spiking at~25 μM just before birth, and declining further to <3 μM by P7. The concentration of glutamine and kynurenine in the extracellular fluid of adult rat brain have been reported to bẽ 116 μM (Mena et al. 2005) and~90 nM (Notarangelo et al. 2012 ), respectively. In other studies, the concentration of kynurenine in rat plasma has been reported to be 1.6 μM (Pawlak et al. 2003) . In the study of Pawlak et al. (2003) levels of kynurenine in a variety of rat tissues ranged from 3 pmol/g (kidney) to~6.3 pmol/g (muscle). Thus, while there is no doubt that transamination of kynurenine is important physiologically in the catabolism of tryptophan and the production of the neuroprotectant kynurenate, transamination of glutamine in mammalian tissues is likely to be far more important quantitatively than transamination of kynurenine. The remainder of the review will be restricted to a discussion of GTK/KAT I and GTL/KAT III as glutamine transaminases. N flux through the glutaminase II pathway in vitro and in vivo Bourke et al. (1971a, b) presented evidence that the glutaminase II pathway [i.e. glutamine transaminase plus ω-amidase (Eq. 6)] is a significant source of ammonia in slices of healthy portions of renal cortex obtained from patients undergoing nephrectomy. In other studies, these authors used γ-glutamylmethylamide (GGM) to investigate the glutaminase II pathway in dog kidney in situ (Bourke et al. 1971c) . It was reasoned that, inasmuch as GGM is not a substrate for PAG but is a substrate for the glutaminase II pathway, GGM is a useful proxy for studying the glutaminase II pathway in vivo (the expected product of the glutaminase II pathway using GGM in place of glutamine is methylamine rather than ammonia). It was found that during infusion of GGM into the renal artery of anesthetized dogs, only small amounts of methylamine were generated during alkalosis. However, during acidosis substantial quantities of methylamine were generated (Bourke et al. 1971c) .
In later work, Nissim et al. (1991) incubated isolated human kidney cells with L- [amine - 15 N]glutamine and confirmed the presence of the glutaminase II pathway in human kidney cells. Mass spectral analysis revealed the production of KGM and 15 N-labeled alanine and ammonia. The labeled alanine presumably arose through transamination of glutamine or glutamate (generated from glutamine by the PAG reaction) with pyruvate, whereas the labeled ammonia presumably arose through linked transamination reactions coupled to the glutamate dehydrogenase reaction [Flow of
However, despite these positive findings, the authors concluded that while the glutaminase II pathway is present in isolated human kidney cells, the pathway is quantitatively minor compared to the glutamate dehydrogenase reaction for the production of ammonia in these cells . In other work from the same laboratory, LLC-PK 1 kidney cells were incubated with either L-[amide -
N]glutamine. It was concluded that at physiological pH value (i.e. 7.4) the mitochondrial PAG reaction is the major source of ammonia, whereas during acute acidosis the major source of ammonia is the glutamate dehydrogenase reaction (Sahai et al. 1991) . Interestingly, in these experiments KGM was detected as a metabolite of glutamine and the concentration of KGM increased during acute acidosis (Sahai et al. 1991 ). This finding is in accord with the relatively slow rate of ring opening of KGM lactam at low pH values.
In other work, Häussinger et al. (1985) perfused isolated rat liver with a mixture of KMB and phenylpyruvate and showed that these α-keto acids are rapidly transaminated with glutamine. Moreover, the amide nitrogen of glutamine was fully recovered in ammonia, glutamate, alanine and urea. This result is explained by ω-amidase acting on the transamination product of glutamine (i.e. KGM) to generate ammonia, which is then incorporated into glutamate (via the glutamate dehydrogenase reaction), alanine (via transamination of glutamate with pyruvate) and urea (via transamination of glutamate with oxaloacetate and incorporation of nitrogen from the resulting aspartate into urea). Inhibitor studies with α-cyanocinnamate (a mitochondrial inhibitor of the monocarboxylate transporter) suggested that about 2/3 of glutamine transamination occurred in the cytosol and about 1/3 in the mitochondria. Interestingly, in the experiments of Häussinger et al. (1985) flux through the glutaminase II pathway exceeded that of the PAG pathway, possibly as a result of competition between the two pathways for glutamine (Häussinger et al. 1985) . Admittedly, in the experiments of Häussinger et al. (1985) the concentration of α-keto acid substrates for the glutamine transaminase reaction was nonphysiological, but the experimental findings shows that the capacity of the glutaminase II pathway in liver is considerable.
Additional data in the literature suggest that the mammalian glutaminase II pathway is of high capacity. Thus, the α-keto acid analogues of valine, leucine, isoleucine, methionine or phenylalanine were shown to replace the corresponding essential amino acid to varying extents in sustaining the growth of rats (Chow and Walser 1974) . It is likely that the glutamine transaminase(s) contributed to the transamination of the branched-chain α-keto acids in this study, and played a major role in converting phenylpyruvate and KMB to phenylalanine and methionine, respectively. In other studies, Walser et al. (1973) noted that perfused isolated liver and perfused isolated hindquarters (muscle) from 48-h fasted rats have the capacity to rapidly remove the α-keto acid analogues (at mM concentrations) of valine, leucine, isoleucine, methionine, or phenylalanine. Removal of the α-keto acids was accompanied by increased efflux of the corresponding amino acids. Interestingly, in liver that was freeze-clamped after the perfusion there was a marked increase in α-ketoglutarate and a significant decrease in glutamine, especially at high α-keto acid concentrations. Rat tissues contain mitochondrial and cytosolic isozymes of the branched-chain amino acid aminotransferases (BCAT m and BCAT c , respectively) (Sweatt et al. 2004) . Inasmuch as muscle contains appreciable BCAT m activity (Sweatt et al. 2004) it is likely that a major portion of the branched-chain amino acids efflux from muscle after perfusion with the corresponding α-keto acids was due to the action of BCAT m . However, it is also likely that the glutamine transaminase(s) were responsible for the transamination of the α-keto analogues of methionine and phenylalanine (and possibly for transamination of some of the branched-chain α-keto acids) in the muscle. Immunohistochemical studies showed little or no BCAT m or BCAT c is present in rat liver (Sweatt et al. 2004) . Therefore, the increased α-ketoglutarate and decreased glutamine in the perfused rat liver noted for all five α-keto acids by Walser et al. (1973) was almost certainly due in large part to the action of glutaminase II.
Thus, there is ample evidence that the glutaminase II pathway operates in a) isolated human kidney tissue, b) various types of isolated kidney cells, c) isolated rat liver and skeletal muscle perfused with α-keto acids, and d) the dog kidney perfused in situ with γ-glutamylmethylamide. But how relevant are these findings to the in vivo situation at the level of the whole body in humans? A crucial, but overlooked, publication by Darmaun et al. (1986) N]glutamine to human volunteers and measured the fate of the label in the circulation. The authors showed that turnover of the amine moiety of glutamine is greater than that of the amide moiety of glutamine. Thus, the data appear to show that the transamination pathway (Eq. 4) is quantitatively more important than the PAG pathway (Eq. 1) for the metabolism of glutamine in humans. On the other hand, the authors raised the caveat that because aminotransferasecatalyzed reactions are generally reversible their findings do not prove that nitrogen fluxes from the amine of glutamine are necessarily greater than those from the amide nitrogen of glutamine or even result in a net amine turnover. However, as noted above, unlike most aminotransferase reactions, those involving glutamine are largely irreversible. Thus, the work of Darmaun et al. (1986) strongly suggests that in humans the glutaminase II pathway (Eq. 6) may be quantitatively as important as the PAG pathway and possibly even more so at the level of whole body nitrogen metabolism in the adult human.
In conclusion, several lines of evidence suggest that mammalian organs, including human liver and kidney, have the capacity to generate ammonia at a high rate from glutamine via the glutaminase II pathway (i.e. glutamine transaminase plus ω-amidase), which under some circumstances may even exceed that of the PAG pathway.
Clinical studies of α-keto acids as nitrogen-sparing compounds-the role of transamination Given the ready ability of α-keto acids to undergo transamination in vivo, it is perhaps not surprising that these compounds have been used as nitrogen-sparing compounds in animal models of liver disease and kidney disease, and in some clinical settings (Walser and Williamson 1981) . The clinical use of α-keto acid analogues of several essential amino acids (often administered as their sodium or calcium salts) was pioneered by Walser and colleagues. For example, Walser et al. (1973) showed that the α-keto acid analogues of valine, leucine, isoleucine, methionine and phenylalanine (and in limited studies, the α-keto acid analogues of histidine and tryptophan) could be used as nitrogen-sparing compounds in patients with severe chronic uremia. Oral administration was shown to be safe and to have the ability to diminish the rate at which urea appears in urine and other body fluids in these patients. In other studies, Walser and colleagues infused a mixture of the α-keto acid analogues of valine, leucine, isoleucine, methionine and phenylalanine (plus the remaining essential amino acids) into obese patients who were undergoing prolonged starvation (Sapir et al. 1974) . Rapid amination of the infused α-keto acids occurred, as indicated by significant increases in plasma concentrations of valine, leucine, isoleucine, alloisoleucine, phenylalanine, and methionine. The concentrations of glutamine, glycine, serine, glutamate, and taurine fell significantly (Sapir et al. 1974) . Loss of glutamine and glutamate presumably arose through increased transamination of these amino acids with the infused α-keto acids.
In other studies, Walser and colleagues investigated the effects of α-keto acids in patients with liver disease (Maddrey et al. 1976 ) and concluded that "keto analogues of essential amino acids are converted to the corresponding amino acids in patients with portal-systemic encephalopathy, and that such therapy may be of benefit". In later studies by the Walser group it was shown that the ornithine salts of the branched-chain α-keto acids markedly improved electroencephalographic abnormalities and clinical grade of encephalopathy in patients with portal-systemic encephalopathy (Herlong et al. 1980 ) (but see Walker et al. 1982) .
Since the 1980s the use of α-keto acids of essential amino acids as nitrogen-sparing compounds in liver and kidney diseases has declined, possibly as a result of 1) the inordinate expense of preparing these compounds in quantities large enough for clinical studies, and 2) possible instability problems. Nevertheless, the clinical studies from the 1970s and 1980s emphasize the scope of transamination reactions involving the α-keto acid analogues of essential amino acids in humans and the central importance of glutamate and glutamine in this process.
Physiological role of glutamine transaminases as repair enzymes
Many enzymes occasionally make mistakes and utilize the "wrong" substrate or convert the "natural" substrate to an inappropriate product. In some cases the mistake can lead to a drain of an important metabolite or to the production of a toxic substance. It is becoming increasingly apparent that several enzymes have evolved to repair or pre-empt these enzymatic "mistakes". [For recent reviews see Van Schaftingen et al. 2013; Linster et al. 2013 .] However, the concept of repair (salvage) enzymes is not new. We previously suggested that glutamine transaminases act as salvage enzymes to correct for non-specific transamination reactions (Cooper 1988 (Cooper , 2004 Meister 1977, 1981) . For example, the cytosolic and mitochondrial isozymes of aspartate aminotransferase can catalyze transamination to some extent of amino acids other than aspartate and glutamate. Such "inappropriate" amino acid substrates of mitochondrial aspartate aminotransferase include, for example, cysteine, methionine, isoleucine and the aromatic amino acids (Miller and Litwack 1971) . Cytosolic aspartate aminotransferase can catalyze transamination of phenylalanine and tyrosine to some extent (Shrawder and Martinez-Carrion 1972) . We have pointed out that the glutamine transaminases can correct these mistakes, thereby preventing the build up of potentially neurotoxic α-keto acids and a possible drain on the essential carbon of indispensable amino acids (Cooper 1988 (Cooper , 2004 Meister 1977, 1981) .
Because most aminotransferase reactions are freely reversible, the broad specificity toward α-keto acids exhibited by GTK and GTL is consistent with the broad specificity toward L-amino acids. At first sight this lack of specificity might preclude GTK and GTL as efficient α-keto acid scavengers. However, glutamine is far more abundant in mammalian tissues than other "good" in vitro amino acid substrates of GTK and GTL, such as the aromatic amino acids, leucine, methionine and cysteine (and as noted above, kynurenine). Moreover, importantly, as noted above, the aminotransferase reaction with glutamine as amine donor is drawn in the direction of glutamine utilization and α-keto acid amination by cyclization of KGM and deamidation of KGM by ω-amidase. Thus, the broad α-keto acid specificity of the glutamine transaminases makes biological sense. This property provides a means of converting many α-keto acids originating as "mistakes" back to the parent amino acid in an essentially irreversible manner at the expanse of easily obtainable glutamine.
As noted above, good amino acid substrates of the glutamine transaminases include glutamine, methionine, phenylalanine, tyrosine, histidine, tryptophan, leucine, α-aminobutyrate and cysteine. The corresponding α-keto acids are also good substrates. In addition, kynurenine is a good amino acid substrate and glyoxylate and α-ketosuccinamate are good α-keto acid substrates. Amino acids (e.g. glutamate, aspartate) and α-keto acids (e.g. α-ketoglutarate, oxaloacetate) with charged side groups are generally poor substrates. For discussions on the specificity of GTK/KAT I and GTL/ KAT III see Cooper and Meister 1972 , 1974 Han et al. 2004 Han et al. , 2009 Role of the glutaminase II pathway in closure of the methionine salvage pathway During polyamine biosynthesis 1) the C1 of methionine is lost as CO 2 , 2) carbons C2-C4 and the α amine are incorporated into polyamines, and 3) the methyl and sulfur are incorporated into 5′-methylthioadenosine (MTA). Nature has gone to remarkable lengths to salvage the methionine used for polyamine biosynthesis. The methionine salvage pathway is of ancient lineage and has been conserved with minor variations in archaea, bacteria, fungi, plants and vertebrates. This salvage pathway, brilliantly elucidated by Abeles and colleagues at Brandeis University in the 1990s, converts MTA to KMB through a remarkable series of reactions, some of which had no precedent in nature (Wray and Abeles 1995; Dai et al. 1999 Dai et al. , 2001 ). The methionine salvage pathway is closed by transamination of KMB to methionine. In mammals and many other organisms the preferred amine donor is glutamine, which then requires removal of the generated KGM by the action of ω-amidase. In the salvaged methionine, the original methyl group and the sulfur are retained, the amino group is obtained from the non-essential amino acid glutamine and carbons 1-4 are formed anew from the ribose moiety of MTA. We have pointed out that the methionine salvage pathway (cycle 1) can be linked to a second cycle (cycle 2) through a process that we have termed the glutamine-methionine bi-cycle ( Fig. 2) (Krasnikov et al. 2009 ). In cycle 2, KGM is converted to α-ketoglutarate by ω-amidase. The α-ketoglutarate is then converted to glutamate by the glutamate dehydrogenase reaction or via transamination. Finally glutamate is converted to glutamine, which in turn is converted to KGM by transamination, completing cycle 2. The central role of KGM and its lactam in the glutamine-methionine bi-cycle is highlighted in Fig. 2 .
Metabolism of circulating α-keto acids-presence of ω-amidase and GTK in epithelial tissue
A considerable amount of work has been carried out on interorgan trafficking and uptake of amino acids (e.g. Wipf et al. 2002) . In mammals approximately 45 amino acid transporters have been described, many of which when defective are involved in disease processes (Bröer and Palacín 2011 and references cited therein) . In contrast, relatively few studies have focused on the interorgan trafficking and transport of the corresponding α-keto acids. Three studies will be mentioned here. The monocarboxylate transporter was shown to be responsible for the uptake of branched-chain α-keto acids into rat liver cells (Patel et al. 1980) , and for the uptake of pyruvate, α-ketoisocaproate, α-ketobutyrate and KMB across the bloodbrain barrier (Steele 1986) . A mitochondrial transporter for the branched-chain α-keto acids in rat brain has also been described (Hutson and Rannels 1985) . This paucity of information on α-keto acid transporters is surprising given that a) excessive accumulation of certain α-keto acids (e.g. phenylpyruvate, branched-chain α-keto acids) is deleterious to brain development, and b) the concentrations of α-keto acids in blood/plasma are often >10 μM. For example, the concentrations of the keto acid analogues of the branched-chain amino acids in human plasma are in the range of 12-22 μM (Hoffer et al. 1993; Pailla et al. 2000) . Similar values have been reported for rat plasma (Hutson and Harper 1981; Olson et al. 2013) . By comparison the concentrations of the branched-chain amino acids in human plasma are~80-350 μM (e.g. Stegink et al. 1991) .
Several studies have shown that in the kidney, GTK is especially enriched in the proximal tubules (e.g. Jones et al. 1988; Cooper et al. 1993; Kim et al. 1997 ). In addition, the specific activity of both GTK and ω-amidase is much higher in the isolated rat choroid plexus than in a homogenate of the whole rat brain (Cooper et al.. 1993) Thus, it is possible that the two enzymes of the glutaminase II pathway [i.e. GTK (and possibly GTL) and ω-amidase] are metabolically linked in most (if not all) tissues. In support of this possibility, in a recent study we showed that both GTK and ω-amidase are enriched in the epithelial cells of human prostate, pancreas and bladder cells as well as in cancerous tissues derived from these tissues .
In summary, the glutaminase II pathway is strategically positioned in epithelial cells in several tissues to convert a variety of α-keto acids transported from body fluids to the corresponding amino acids ).
Identification of the putative tumor suppressor Nit2 as ω-amidase
In 2007 Lin et al. reported that a protein named Nit 2 (Nitrilase-like protein 2) is a putative tumor suppressor. Northern blot analysis showed that the gene is transcribed in all 16 human tissues and cell types investigated with highest message levels in liver and kidney (Lin et al. 2007 ). Overexpression of Nit2 in HeLa cells was found to inhibit cell growth through G2 arrest. This finding is in contrast to that reported for the more thoroughly studied tumor suppressor (and phylogenetically related) protein Nit1, which is proapoptotic (Huebner et al. 2011) . At the time of the study by Lin et al. (2007) the biological function of Nit2 was unknown although the protein was listed in mammalian genome databanks as a likely amidase.
Nit2 and Nit1 are the sole representatives of branch 10 of the nitrilase superfamily (Pace and Brenner 2001) . Despite a detailed investigation with reactive peptides designed to covalently bind to the cysteine residue of the canonical Glu-CysLys triad of the putative active site, the in vivo substrate(s) of Fig. 2 The glutaminemethionine bi-cycle. Cycle 1: In the methionine salvage pathway, the original sulfur (orange) and methyl group (green) of methionine are retained. The amine group of methionine is formed via a transamination reaction with glutamine and the C1-C4 of methionine is obtained anew from the ribose moiety of 5′-methylthioadenosine (MTA). Transamination of glutamine results in formation of α-ketoglutaramate (KGM), which exists overwhelmingly in a cyclic lactam form (2-hydroxy-5-oxoproline). Cycle 2: The α-ketoglutarate generated from KGM by the action of ω-amidase is converted to glutamate by the action of glutamate dehydrogenase/α-ketoglutarateutilizing aminotransferases and thence to glutamine by glutamine synthetase. As in Fig. 1 KGM and its cyclic lactam are highlighted (magenta). Modified from Krasnikov et al. (2009) Nit1 and Nit2 remained elusive (Barglow et al. 2008) . However, in 2009 our group (Krasnikov et al. 2009 ) and Van Schaftingen's group (Jaisson et al. 2009 ) published back-to-back articles in Biochimie showing by independent methods that Nit2 is identical to ω-amidase. [The enzyme specificity of Nit1 remains elusive.] The reported widespread occurrence of Nit2 mRNA in human tissues, with highest levels in liver and kidney (Lin et al.. 2007) , is in accord with the previous findings of Cooper (1988) who showed that the specific activity of ω-amidase (KGM as substrate) is present in all ten rat tissues investigated, with highest specific activity in liver and kidney.
The finding that ω-amidase is a putative tumor suppressor raises an interesting problem. It is well known that many rapidly dividing cells rely on glutamine as a source of 1) energy and 2) nitrogen for the synthesis of DNA and polyamines (Roediger 1982; Zielke et al. 1978; Mallet et al. 1986 ). Many rapidly dividing cancer cells also have a strong requirement for glutamine (e.g. Abou-Khalil et al. 1983; Polet and Feron 2013; Erickson and Cerione 2010; Koppenol et al. 2011; Ward and Thompson 2012; Durán et al. 2012) . Glutamine is readily converted to α-ketoglutarate, which is then oxidized through the tricarboxylic acid cycle making available considerable energy to the cell. As noted above, conversion of glutamine to α-ketoglutarate may occur through hydrolysis to glutamate catalyzed by PAG (Eq. 1), followed by conversion of glutamate to α-ketoglutarate catalyzed by glutamate dehydrogenase (Eq. 2) or various aminotransferases (Eq. 3). These reactions are generally considered to constitute the main pathway by which metabolism of glutamine is initiated. However, glutamine may be converted to α-ketoglutarate via the glutaminase II pathway (Eq. 6), and we have shown that glutamine transaminase and ω-amidase activities are present in a variety of human tumors (unpublished data). The advantage of the glutaminase II pathway is that glutamine can be converted of α-ketoglutarate through a net reaction that can occur under hypoxic conditions. Evidently, however, ω-amidase/Nit2 may be a "double-edged" sword. On the one hand, ω-amidase may be a tumor suppressor, perhaps via a domain distinct from that of the amidase active site. Possibly, KGM may be an oncometabolite that is removed by high levels of ω-amidase. On the other hand, ω-amidase may be beneficial to the survival of the tumor cell by providing α-ketoglutarate. A resolution of this apparent contradiction requires further study.
KGM levels in vivo
Given that a) glutamine transamination in mammals is extensive, and b) the action of ω-amidase may be limited at physiological pH values owing to relatively slow opening of the lactam to the open-chain form, KGM is predicted to be a natural metabolite and to be present in tissues and body fluids at readily detectable levels. Indeed, the concentration of KGM in normal human cerebrospinal fluid (CSF) and rat tissues is in the μM range (Duffy et al. 1974a; Cooper et al. 1980) . KGM levels are also detectable in normal human urine at a concentration of~2 μmol/mmol creatinine (Kuhara et al. 2011b) .
KGM levels in the CSF of liver disease patients correlate with degree of HE Excess ammonia has long been recognized as neurotoxic in patients with HE and that astrocyte morphology is compromised (reviewed by Cooper and Plum 1987) . Extrahepatic tissues, including the brain, do not contain a complete urea cycle and rely on the glutamine synthetase reaction (Eq. 7) to detoxify endogenous and exogenous ammonia. In the brain, glutamine synthetase is found exclusively within astrocytes (Martinez-Hernandez et al. 1977; Norenberg and MartinezHernandez 1979) . The concentration of ammonia in whole brain is~180 μM (Cooper and Plum 1987) and likely even lower in astrocytes. The reported K m for brain glutamine synthetase is 180 μM (Pamiljans et al. 1962) . Thus, cerebral glutamine synthetase is not saturated with respect to ammonia under normoammonemic conditions. [It is possible that transport of glutamine from the astrocytes is also compromised in HE (Desjardins et al. 2012 ).] Accordingly, cerebral glutamine concentrations are elevated during hyperammonemia (Cudalbu et al. 2012) .
It is now increasingly recognized that excess glutamine in astrocytes contributes to hyperammonemia-induced encephalopathy in liver disease patients. Brusilow and colleagues have presented considerable evidence that an osmotic response to increased glutamine synthesis contributes to the swelling of astrocytes in liver disease (reviewed in Brusilow et al. 2010) . Although additional mechanisms are likely to contribute to the neuropathology associated with liver disease (e.g. Butterworth 2013; Holecek 2013; Heins and Zwingmann 2010) , nuclear magnetic resonance studies show that not only is cerebral glutamine concentration increased in HE patients (e.g. Chavarria et al. 2013 ) but cerebral osmotic swelling can also be detected, especially in acute liver failure patients (e.g. Mardini et al. 2011; Keiding and Pavese 2013) .
Despite the well established role of hyperammonemia in HE, levels of ammonia in blood and CSF do not always correlate well with the degree of encephalopathy (Plum 1971; Brusilow and Cooper 2011) . Brennan and Plum (1971) reported that CSF obtained from HE patients contained dialyzable material (i.e. compound(s) of relatively low molecular weight) that when infused into the CSF of free-ranging rats induced a behavioral depression. Based on the above-mentioned findings of Plum (1971) and Brennan and Plum (1971) , Duffy and colleagues considered that the glutaminase II pathway may be involved in the pathogenesis of HE (Vergara et al. 1974; Duffy et al. 1974b ). As noted above, the glutaminase II pathway is present in mammalian, including human brain (see Siguira 1957; Yoshida 1967; Van Leuven 1975 , 1976 Lockwood and Duffy 1977; Cooper and Gross 1977) .
Duffy and colleagues hypothesized that increased ammonia levels in patients with liver disease will lead to increased levels of glutamine in brain, which in turn will lead to increased transamination of glutamine to KGM (Vergara et al. 1974; Duffy et al. 1974b ). Vergara et al. (1974) showed that the normal level of KGM in human CSF is about 3-4 μM ( Table 1 ). This value is little changed in patients with liver disease who exhibit no overt neurological symptoms. However, in hyperammonemic and comatose liver disease patients a large increase in KGM in the CSF was noted. There was also a marked increase in CSF ammonia and glutamine. Interestingly, the relative increase in CSF glutamine in the comatose patients compared to control CSF (~4-5-fold) was less than that observed for KGM (>10 fold) ( Table 1 ). In another publication from the same group a larger number of liver disease patients was studied (Duffy et al. 1974 ). The authors found that the concentration of KGM in the CSF of patients with liver disease correlated well with the degree of encephalopathy (Table 2 ). There was also a good correlation between the concentration of KGM and the concentration of glutamine in the CSF (r = 0.696; n = 21; p <0.001) and between the concentration of KGM and ammonia in the CSF (r =0.660; n =19; p <0.001) (Duffy et al. 1974b ). Based on a) the findings of Brennan and Plum (1971) , b) the findings of increased KGM in the CSF of patients with HE, and c) the good correlation between degree of HE and concentration of KGM in HE, Duffy and colleagues considered the possibility that KGM may be a small molecularweight toxic metabolite of ammonia/glutamine contributing to the encephalopathy associated with liver disease. To obtain evidence for this hypothesis the authors infused solutions of KGM into the lateral cerebral ventricles of free-ranging rats for 12 h (5 pm to 5 am) at a rate of 3 μl/min (the estimated rate of CSF formation in the rat). Infusion of 100 mM KGM in mock CSF caused immediate myoclonus and circling. Infusion of mock CSF caused a significant decline (35 %) in the animals' locomotor activity. Infusion of 10 mM KGM in mock CSF resulted in a further decline in locomotor activity (p <0.01) (Duffy et al. 1974a, b) . The authors noted that the 10 mM KGM infused is 100 times that of the maximum amount found in the CSF of HE patients (~1 mM) and more than three orders of magnitude greater than the concentration in normal CSF. However, Duffy et al. (1974a, b) pointed out that the depression of locomotor activity is not simply due to an osmotic effect. Infusion of equimolar sodium chloride had no effect. It should, however, be noted that the only currently available method for synthesizing KGM is via oxidation of Lglutamine with L-amino acid oxidase and separation of the resultant KGM from unreacted glutamine by passage through a Dowex 50 (H + ) column (Meister 1953) . Under these conditions glutamine has a tendency to undergo cyclization to 5-oxoproline plus ammonia. In the experience of one of the present authors (AJLC), even the best preparations of KGM prepared by the enzymatic oxidation of glutamine contain a few percent of 5-oxoproline-a potential precursor for glutamate and GABA in the brain.
The mechanism responsible for this increased KGM in the CSF of patients with HE is unknown, but may be related to the increased glutamine in the CSF (Table 1 ). The increased glutamine in the CSF is presumably a reflection of increased glutamine in the brains of HE patients (e.g. Record et al. 1976; Lavoie et al. 1987; Mardini et al. 2011) . But does this increased brain glutamine lead to increased glutamine transamination? Because aminotransferases catalyze a ping-pong type of reaction the K m value for an amino acid will depend on both the nature and the concentration of the α-keto acid cosubstrate. The K m value for glutamine will increase as the α-keto acid level is increased reaching the K s (true Michaelis constant) value at infinite concentration of α-keto acid. But α-keto acid substrate inhibition is often observed. Thus, it is difficult to assess the affinity of the glutamine transaminases for glutamine in vivo. Nevertheless, some reasonable estimate may be made. Han et al. (2004) reported a K m value for glutamine for recombinant human GTK/KATI (the most prominent glutamine transaminase in human brain) of 2.8 mM in the presence of 16 mM α-ketobutyrate. Assuming that this K m value for glutamine is close to the in vivo value then it is likely that GTK is not saturated with glutamine (the concentration of glutamine in normal whole brain is about 5 mM). It should also be noted that other amino acids (e.g. methionine and phenylalanine) also compete with glutamine. Although the levels of methionine and phenylalanine are increased in autopsied brain from patients dying of fulminant hepatic failure (Record et al. 1976 ) the increase in glutamine is far greater. Thus, the increase in glutamine in the brains of HE patients will favor increased transamination of glutamine assuming a constant supply of α-keto acid. However, the status of α-keto acid substrates in HE brain is not known. Nevertheless, given the increased concentration of methionine and phenylalanine in human HE brain (Record et al. 1976 ) and unchanged or increased cerebral α-ketoglutarate levels in animal models of hyperammonemia (reviewed in Cooper and Plum 1987) it is likely that increased transamination of methionine and phenylalanine with α-ketoglutarate will generate increased levels of KMB and phenylpyruvate, which in turn will contribute to increased glutamine transamination. Increased transamination of glutamine will result in increased KGM levels, but since the rate of ring opening of the lactam form of KGM is somewhat slow at physiological pH (pH 7.2-7.4) a new steady state favoring increased levels of KGM will be attained in HE brain. Finally, Hersh (1971) reported a 72 % inhibition of ω-amidasecatalyzed hydrolysis of KGM in the presence of 50 mM ammonia. We reported a 50 % inhibition in the presence of 10 mM ammonia (Cooper et al. 1985) . Brain ammonia levels are unlikely to much exceed 1 mM in liver disease (Cooper 2013 ). Nevertheless, it is possible that some product inhibition of the ω-amidase-catalyzed hydrolysis of cerebral KGM may occur under extreme hyperammonemic conditions. In conclusion, excess ammonia in the brain leads to increased glutamine and to compromised astrocytes. Although this excess glutamine leads to an osmotic stress, other mechanisms contributing to astrocyte dysfunction may occur. One possibility is that a metabolite of glutamine such as KGM may contribute. However, the evidence that KGM is a neurotoxin that contributes to hyperammonemia-induced HE is not compelling. It is of interest, however, that KGM in the CSF is a very good biomarker for HE. An understanding of the mechanisms that give rise to increased KGM in the CSF of hyperammonemic patients should provide clues as to how cerebral nitrogen metabolism is altered in HE and perhaps lead to more effective treatments.
Urinary KGM levels are increased in patients with a defect in the urea cycle
The work of Duffy and colleagues has largely been ignored, possibly because KGM is not available commercially and/or because of the invasive procedure required to obtain CSF samples. We decided to "take up the story" once again, but this time to use non-invasively obtained urine samples.
[Methods for the detection of KGM in blood or plasma are currently under development (Halámková et al. 2012 ).] A considerable number of urine samples from Japanese newborns, infants and adults are analyzed by a gas chromatography-mass spectrometry (GC/MS) technique in the laboratory of one of the present authors (TK) at Kanazawa Medical University in Japan to screen for many inborn errors of metabolism (Kuhara 2007) . A collaboration was begun between the two present authors to investigate urinary levels of KGM in patients with a defect of the urea cycle. GC/MS procedures require a suitable internal standard (IS). We used KGM labeled in the γ position with a methyl group as the IS (Kuhara Table 2 Concentration of CSF α-ketoglutaramate (KGM) in controls versus patients with hepatic encephalopathy (HE) (mean ± SEM)
Non-HE controls (17) 6.1±1.8 HE Grade 0-1+ (7) 7.1±2.5 HE Grade 2-3+ (15) 33.7±3.4 HE Grade 4+ (6) 76.7±11.5
Data from Duffy et al. (1974a, b) . The classification of HE used by the authors is as follows: Grade 0, no neurological symptoms; Grade 1 mild mental impairment, hypocapnia; Grade 2 asterixis, lethargy, confusion; Grade 3 stupor, doll's eyes, gegenhalten; Grade 4 coma. Control CSF was obtained from patients with neurological diseases other than HE (Cooper et al. 1980) , when KGM standards were trimethylsilylated a tris-trimethylsilyl (TMS) derivative of KGM lactam was formed (Kuhara et al. 2011b) . Urine samples were spiked with M-KGM, treated with urease, deproteinized with ethanol, dried, trimethylsilylated, and subjected to GC-MS analysis (Tables 3, 4 , and 5). [In these tables, mean ± SD are provided; p values were established using the t test or Mann-Whitney U test.] Table 3 shows urinary KGM levels in five young hyperammonemic patients with ornithine transcarbamylase (OTC) deficiency. A highly significant increase in urinary KGM levels compared to controls was noted. In each case of OTC deficiency the urinary KGM level was considerably higher than the highest control value. High values of urinary KGM were also noted for young patients with carbamyl phosphate synthetase I (CPS I) deficiency (Table 4 ). In three of the four patients the urinary KGM was higher than all values in the normal range. In patient 2, treatment resulted in urinary KGM within the normal range. In patient 3, urinary KGM was high normal but the urine was obtained just prior to death. Finally, urinary KGM levels were markedly elevated in two patients with argininosuccinate synthase (ASS) deficiency, in one patient with argininosuccinate lyase (ASL) deficiency, and in one patient with arginase (ARG) deficiency (Table 5 ). In conclusion, of the 13 young patients with a defect in the urea cycle, 12 had markedly elevated KMG levels (p <0.000001 relative to control values). As noted, the one exception was agonal at the time of urine sampling.
As noted above, lysinuric protein intolerance (LPI) is a primary hyperammonemic disease. LPI is caused by a mutation in the cationic anion transporter SLC7A7 of the basolateral membrane of the intestine and kidney tubule cells (Ogier de Baulny et al. 2012) . LPI results in a defect in the transport of not only lysine, but also of cationic components of the urea cycle such as ornithine and arginine. Thus, the urea cycle is severely compromised in this disease. KGM levels were found to be markedly elevated in urine samples from two hyperammonemic patients with LPI (Table 6) .
Urinary KGM levels in other hyperammonemic diseases
Citrin deficiency is associated with secondary hyperammonemia. Deficiency of citrin (which is the hepatic isoform of the mitochondrial aspartate-glutamate carrier and which is known to participate in gluconeogenesis and the synthesis of urea, nucleotides, and protein) is a relatively recently established disease entity (Saheki and Kobayashi 2002; Kuhara et al. 2011a) . Mutation in the gene coding for citrin (SLC25A13) often causes hyperammonemia and leads to two clinical presentations previously thought to be distinct: adult-onset type II citrullinemia (CTLN2, OMIM 603471) and neonatal intrahepatic cholestasis (NICCD, OMIM 605814). In general, clinical features in citrin deficiency include jaundice, hypoglycemia, a fatty liver, growth retardation, and transient hyperammonemia (Saheki and Kobayashi 2002) . Some patients with neonatal NICCD suffer From Kuhara et al. (2011a) . Reference values for KGM in normal urine are shown in Tables 3 and 4 Tables 3 and 4 from severe type II citrullinemia one or several decades later in life. This later onset type II citrullinemia is associated with hyperammonemia, citrullinemia, and neuropsychiatric symptoms, such as disorientation, aberrant behavior, coma, and in the most severe cases, death (Saheki and Kobayashi 2002) . The KGM/creatinine ratio was determined in seven urine samples obtained from six hyperammonemic infants with citrin deficiency (aged 2 months to 5 months 15 days). The range of urinary KGM/creatinine values in these patients (4.06-15) was significantly higher than the range of values in age-matched controls (1.17-4.20) . The KGM/creatinine ratio was also determined in five urine samples obtained from four hyperammonemic older patients aged 11 years to 36 years with citrin deficiency. The range of urinary KGM/creatinine values in these patients (1.58-8.75) was significantly higher than the range of values in age-matched controls (0.53-2.25). In summary, among the 12 urine samples from ten citrindeficient patients, in only two determinations was the KGM/ creatinine ratio within normal limits. Thus, urinary KGM is a good biomarker for hyperammonemia associated with citrin deficiency (Kuhara et al. 2011a) .
Secondary hyperammonemia occurs in propionic acidemia and methylmalonic acidemia (Cathelineau et al. 1981; Filipowicz et al. 2006; Scholl-Bürgi et al. 2012) . The urinary KGM/creatinine ratio (mmol/mol) was determined in two patients with propionic acidemia and in two patients with methylmalonic acidemia (Kuhara et al. 2011b) . In one patient with severe propionic acidemia and severe hyperammonemia the KGM/creatinine ratio was normal at age 3 days (2.99) and high normal at age 42 days (4.00). In another patient with a milder form of propionic acidemia (aged 6 days) the blood ammonia and the urinary KGM/creatinine ratio (1.48) were normal. In one moderately hyperammonemic patient with methylmalonic acidemia the ratio of KGM/creatinine was high normal at age 1 year 4 months (4.19) and normal (2.75) at 1 year 5 months. In another patient with methylmalonic acidemia both the ammonia and KGM/creatinine ratio (2.59) were normal. Although the number of cases of patients with acidemias was limited in the study of Kuhara et al. (2011b) , urinary KGM may not be a good biomarker for secondary hyperammonemia resulting from excess accumulation of propionyl-CoA or methylmalonyl-CoA. The relatively low urinary KGM in propionic acidemia may be due to a block in the tricarboxylic acid cycle resulting in low amounts of 5-carbon units and normal to low glutamine levels (Filipowicz et al. 2006; Scholl-Bürgi et al. 2012) .
Conclusion
KGM in the CSF is a biomarker for the degree of encephalopathy in patients with liver disease. The concentration of KGM in the CSF correlates with ammonia and glutamine levels. Although the exact mechanism is unknown, the increased CSF KGM in encephalopathic patients with liver disease is probably due in part to a) increased brain glutamine and b) increased α-keto acid substrate for the glutamine transaminases. Although urinary KGM has not been evaluated in patients with liver disease it is a biomarker for other hyperammonemic diseases such as urea cycle disorders, lysinuric protein intolerance and citrin deficiency.
In the studies of urinary KGM described in this review only urine samples from patients with hyperammonemic diseases were evaluated (Kuhara et al. 2011b) . No urinary specimens were evaluated from patients with diseases other than hyperammonemic diseases. Thus, as noted by Kuhara et al. (2011b) it is not yet possible to judge the specificity and discriminatory power of urinary KGM as a biomarker solely of hyperammonemic diseases. Nevertheless, it is hoped that the article by Kuhara et al. (2011b) and the present review will alert the clinical and biomedical community to the fact that urinary KGM is a biomarker for hyperammonemic diseases provided that the tricarboxylic acid cycle is not severely compromised. An increased understanding of the factors leading to increased urinary KGM levels in hyperammonemic diseases may lead to an increased understanding of deranged nitrogen metabolism in these diseases and possibly to improved therapies.
